Introduction
Large-scale palaeovegetation reconstruction benefits not only the better understanding of vegetation change in the past and for the future, but also the evaluation of model experiments in order to better investigate the dynamics and interactions of past climate and vegetation changes, and the responses of climate to external forcing (CLIMAP Project Members, 1981; COHMAP Members, 1988; Wright et al., 1993; Prentice and Webb, 1998; Prentice et al., 2000) . Since the 1980s, palaeo-scientists have made major efforts to reconstruct the continental and global vegetation patterns in the late Quaternary, based on data syntheses. The Cooperative Holocene Mapping Project (COHMAP Members, 1988; Wright et al., 1993) was the first attempt in 1980s to summarize the palaeovegetation data in the forms of regional syntheses. In the 1990s, the Global Palaeovegetation Mapping Project (BIOME 6000) attempted to create fully-documented pollen and plant macrofossil data sets for 6000 ± 500 14 C yr BP (mid-Plateau, contribute to producing a remarkably diverse set of bioclimates and ecosystems, ranging from boreal coniferous forest in the northeast to tropical rain forest in the south, and from temperate grassland in the northern-central region to deserts in the west and tundra and alpine vegetation on the Tibetan plateau (ECVC, 1980) . Pollen-based reconstructions of late Quaternary vegetation and climate have been performed by applying various data and document syntheses across the whole country and in some large regions for the Holocene (e.g. Shi et al., 1993; Ren and Beug, 2002; Feng et al., 2006) and for the last 20,000 years , in addition to a great many site-based palaeovegetation studies. Biomization was applied to reconstruct vegetation patterns across China initially based on a limited set of digitized pollen data for the MH (Yu et al., 1998) and later using additional raw pollen counts for numerous sites at MH and LGM . Modern reconstruction based on surface pollen samples in both studies showed good agreement between reconstructed biomes and present vegetation, both geographically and in terms of elevation gradients in mountain regions (Yu et al., 1998 .
These earlier pollen-based biome reconstructions used a simple classification of plant functional types (PFTs) related to the set of PFTs used in the BIOME1 model (Prentice et al., 1992a) . More recently, a more explicit, global PFT classification scheme has been developed . Further, a substantial number of additional pollen records have become available in electronic form since the previous biomization studies (Yu et al., 1998 . In this study, we apply the global scheme of PFTs to a comprehensive set of surface, MH and LGM pollen records from China. The modern vegetation is reconstructed from surface pollen samples in order to test the applicability of the global scheme of PFTs in China, and to demonstrate a good empirical relationship between modern vegetation and surface pollen. Then the same procedure is applied to the MH and LGM in order to obtain a well-founded reconstruction of changing palaeovegetation patterns.
Data and methods

Pollen data for modern, MH and LGM
The modern pollen data set comprises a total of 840 samples. We used the set of 658 raw pollen counts , supplemented by 41 digitized pollen records from diagrams (Yu et al., 1998) , 100 raw pollen counts from the Tibetan Plateau (Yu et al., 2001a) and 41 additional raw pollen counts compiled from published and unpublished sources (Fig. 1a , see also Appendix A). The surface samples include soil samples (518), moss polsters (80), dust trap samples (81), grab samples of surface sediments (94), sediment core tops (26), and digitized samples of unspecified provenance (41). Some modern pollen samples were excluded from further analysis because of contamination, very low pollen counts, or very small numbers of reported taxa (10 samples) or because of heavy anthropogenic influence (21 samples). Three of the digitized samples used by Yu et al. (2000) were removed and replaced by full pollen counts (Miaoershan, Nanshan and Xingou). Thus, 806 pollen surface samples were finally used (Fig. 1a) .
The pollen data set for the MH (6 ka BP) consists of 192 samples. In addition to the 118 raw pollen counts and 39 digitized records used by Yu et al. (2000) , we compiled 35 pollen records from published and unpublished sources (Fig. 1b , see also Appendix B). Four MH samples were excluded from analysis because of either low pollen counts (Baiyangdian, Dalainuoer, and Dunde) or strong anthropogenic influence (HF). Thus, 188 MH pollen samples were used in the biomization procedure (Fig. 1b) .
The pollen data set for the LGM (18 ka BP) consists of 52 samples. Most of them (37) were derived from Yu et al. (2000) . A further 10 digitized records were obtained from terrestrial units within marine cores from the Chinese continental shelf . Raw pollen counts were compiled from five new sites (Fig. 1c , see also Appendix B). Two LGM samples (Haerbin and Niuquanzi) were excluded from further analysis because they had low pollen counts. Thus, 50 LGM samples were used in the biomization procedure (Fig. 1c) .
Biomization procedure
The method of pollen-based biome assignment (biomization) begins with a quantitative assemblage of pollen or plant macrofossil taxa and ends with an assignment of the biome most likely to have produced that assemblage (Prentice et al., 1996; Prentice and Webb, 1998) . The method has five steps: (1) each pollen taxon is assigned to one or more PFTs (PFT vs. taxon matrix), on the basis of the biology and biogeography of the plant species it includes; (2) biomes are defined in terms of their characteristic PFTs (biome vs. PFT matrix); (3) the two matrices are multiplied to produce a taxon vs. biome matrix, indicating which pollen taxa may occur in which biome; (4) affinity scores for each biome are then calculated for all pollen samples. A threshold pollen percentage (0.5%) is generally defined in order to reduce the noise due to occasional pollen grains derived from long-distance transport or contamination; (5) each pollen sample is assigned to the biome having the highest affinity score, subject to a tie-breaking rule that favours the less PFT-rich biome in the case where the affinity score for two or more biomes is equal. We used this standard procedure to reconstruct the biomes from the pollen data of China. Further details on this method can be found in Prentice et al. (1996) and Prentice and Webb (1998) .
PFT classification
The PFT classification is a central concept for assigning pollen taxa to biomes. PFTs are defined on the basis of traits referring to species morphology, physiology, life history, and bioclimatic tolerances (Duckworth et al., 2000) . The previous assignments of pollen taxa to PFTs by Yu et al. (1998 Yu et al. ( , 2000 were based on a minor extension of the very simple implicit PFT classification of Prentice et al. (1992a) . Here, we use a new global PFT classification defined explicitly in terms of four traits: life form, leaf form, phenology and bioclimatic tolerances (principally related to cold-tolerance mechanisms in woody plants), on the basis of current understanding of their significance in terms of adaptation to the physical environment ).
Life form: This category broadly follows Raunkiaer's scheme which has strong geographic patterns and can be related to bioclimate, with some amendments and simplification of nomenclature. Twenty-four life forms are recognized: tree, tuft tree, tuft fern, tree treelet, low and high shrub, erect dwarf-shrub, prostrate dwarf-shrub, cushion shrub, liana or vine, succulent (stem and leaf), mangrove, wood parasite, LGM. Black dots represent sites for which raw pollen counts were available; gray squares represent sites for which digitized pollen data were used; light gray triangles represent sites (all are raw pollen counts) which were excluded from the analysis. epiphyte, climber, forb, rosette or cushion-forb, halophyte, hydrophyte, aquatic, graminoid (grass, sedge, and rush), geophyte, bryophyte, fern or fern ally, and root parasite.
Leaf form: This is only applied to tree and shrub life forms. Four leaf forms of needle-leaved, broad-leaved, small-leaved (leaf area 20-2000 mm 2 ) and micro-leaved (b20 mm 2 ) are distinguished. Broadleaved plants are further classified into types with sclerophyll versus malacophyll leaves.
Leaf phenology: This separates evergreen from deciduous trees and shrubs. The deciduous plants are further subdivided according to whether leaves are normally shed in response to cold or to drought. Bioclimatic tolerances: The final level of classification is based on cold-tolerance and/or drought-tolerance limits. The principal coldtolerance categories applied to trees and shrubs are tropical, warmtemperate, temperate, cool-temperate, boreal, and Arctic. These terms are used in a strictly bioclimatic sense, without geographic connotations. Temperate deciduous broad-leaved trees are further subdivided into spring-frost tolerant, avoiding, and intolerant types. Some plants with an exceptionally broad range of temperature tolerance (e.g. some Pinus species) are termed "eurythermic". Three broad categories with respect to drought-tolerance (drought-adapted, drought-tolerant and drought-intolerant) are also recognized. Within the intermediate class of drought-tolerant plants, we distinguish two classes (mesic and xeric) of deciduous trees and shrubs.
Ecophysiological and bioclimatic foundations of the PFT classification have been summarized in Harrison et al. (2009) . The PFTs are named here by four-part codes (Harrison et al., in preparation) reflecting the four classification levels in the order bioclimatic tolerance, phenology, leaf form, and life form. Thus, for example, "boreal evergreen needleleaved trees" are bo.e.n.t; "eurythermic mesic drought-deciduous malacophyll low or high shrub" is eu-m.dd.mb.lhs. The PFT scheme recognizes 99 PFTs worldwide, including 25 arboreal PFTs, 37 shrub PFTs, 10 other kinds of woody plants, and 27 non-woody PFTs (Harrison et al., in preparation) . Seventy-six of these 99 PFTs occur in China (Table 1) .
Pollen taxa were allocated to one or more of the PFTs (Table 1) , on the basis of information about the life form, leaf form, phenology and bioclimatic tolerances of constituent species derived from a variety of sources including floras and plant atlases (e.g. ECFC, 1959 ECFC, -1999 ECVC, 1980; IBCAS, 1987; Wu et al., 1992; Hou, 1998) . Some taxa were excluded from the biomization procedure and are therefore not allocated to PFTs. These include specifically agricultural pollen taxa (e.g. Oryza and Oryza sativa), taxa known to be recent human introductions to China (e.g. Eucalyptus and Opuntia), pollen (and spores) of pre-Quaternary plants that represent redeposition (e.g. Tricolporopollenites). Algae (e.g. Concentricystes, Mongeotia, Pediastrum, Spirogyra, Zygnema, Zygnemataceae, and Hystrichosphaera), fungi, and indeterminate spores (e.g. monoletes and triletes) are frequently included in pollen counts or on pollen diagrams from China, but are not used in the biomization procedure.
Some of the PFTs are characteristic of highly localized or azonal vegetation types, e.g. aquatic, halophyte, hydrophyte, and mangrove. Some PFTs are constituents of several different broad-scale vegetation types, but are too widely distributed to have diagnostic value within the biomization procedure. Drought-intolerant forbs, drought-intolerant climbers, and drought-intolerant lianas or vines, for example, are present in several biomes but never become the predominant or characteristic PFT within any biome. Similarly, ferns never appear to characterize a unique biome. PFTs with characteristic of highly localized vegetation types, and PFTs that lack diagnostic value are therefore not used in the final version of the biomization procedure. A total of 53 PFTs were found to have diagnostic value and were therefore used in the biomization procedure (Table 1) .
Biome classification
There is no standard global classification of biomes. The set of biomes used within the BIOME 6000 project, including the Chinese biomizations (Yu et al., 1998 , was initially based on the 17 biomes recognized by the BIOME1 biogeography model (Prentice et al., 1992a ). The BIOME1 model distinguishes several kinds of midand high-latitude forests, but has less discrimination in respect to subtropical and tropical forests and non-arboreal vegetation types. Modifications were at first made to this initial scheme in an ad hoc fashion based on regional considerations. Recent developments within the Pan-Arctic Initiative (PAIN: Bigelow et al., 2003; Kaplan et al., 2003) have led to an improved classification of tundra vegetation types and this scheme, as well as improvements in the classification of subtropical vegetation, has been adopted in the BIOME4 biogeography model (Kaplan, 2001; Kaplan et al., 2003) . In this paper, we use the nomenclature used in BIOME4 for tundra, high-latitude (boreal) and mid-latitude (temperate) forests, and combine information from the ECVC (1980) vegetation classification of China with aspects of the classification used in BIOME1 for other types of vegetation.
We recognize a total of 19 biomes (Table 2) . Five different cold (boreal) and cool-temperate forest biomes were recognized by Yu et al. (1998 Yu et al. ( , 2000 . These biomes are distributed in relatively small areas in the higher mountains in northeastern China, northwestern China, central China and the northern and eastern Tibetan Plateau (ECVC, 1980) . The zonal distribution of these biomes in China are confined to the Daxingan Mountains of northeasternmost China and several other mountain ranges including the Changbai Mountains in northeastern China, approximately 40-54°N, 120-135°E (ECVC, 1980) . Warm-temperate evergreen and mixed forests, by contrast, cover about one-fourth of the whole area of China and are mainly distributed in the subtropical part from ca. 31-32°N to the Tropic of Cancer (ECVC, 1980) . The compilers of the Vegetation of China (ECVC, 1980) divided the warm-temperate (= subtropical) forests into four types: warmtemperate mixed evergreen and deciduous broadleaf forest (evergreen trees mixed with temperate deciduous trees), warm-temperate evergreen broadleaf/warm mixed forest (evergreen trees mixed with warm-temperate deciduous trees), warm-temperate evergreen broadleaf forest, and warm-temperate evergreen sclerophyll broadleaf forest. These four forest types are mainly differentiated at the species level, rather than at the genus level to which most pollen identification is possible. As a result, we were only able to distinguish two types, warm-temperate evergreen broadleaf and mixed forest (equivalent to warm-temperate mixed evergreen and deciduous broadleaf forest plus warm-temperate evergreen broadleaf/warm mixed forest) and warm-temperate evergreen broadleaf forest (equivalent to warmtemperate evergreen broadleaf forest plus warm-temperate evergreen sclerophyll broadleaf forest).
Temperate xerophytic shrubland was distinguished from temperate grassland and from desert in this study. Warm-temperate xerophytic woodland/scrub, which was recognized but never reconstructed in previous biomizations for China (Yu et al., 1998 , was not distinguished in this biomization. This biome is confined to hot and dry river valleys in southwestern China and the coastal area of southern China and western Hainan Island (ECVC, 1980) ; there are not enough modern surface samples to characterize this biome and there is no evidence suggesting that it was any more widely distributed at MH or LGM. The temperate xerophytic shrubland, by contrast, is distributed widely in northern China, western China and the Tibetan Plateau (ECVC, 1980) ; previously, this biome was classified as steppe or desert (Yu et al., 1998 . We reserve "steppe" here for temperate grassland, or grass-shrub mixtures.
We follow the PAIN project ) and the BIOME4 model (Kaplan, 2001; Kaplan et al., 2003) in distinguishing five tundra biomes: cushion-forb tundra, graminoid and forb tundra, prostrate dwarf-shrub tundra, erect dwarf-shrub tundra, and low and high shrub tundra. These five biomes are found in the Tibetan Plateau and also in high mountains in central and northwestern China (ECVC, 1980) . All PFTs were assigned to above mentioned 19 biomes used in the biomization procedure (Table 2) . Alnus, Betula, Betula alba-sinensis, Betula costata, Betula davurica, Betula fruticosa, Betula gmelinii, Betula middendorffii, Betula nana, Betula ovaliflora, Betula platyphylla, Betulaceae, Betula-type, Maackia, Populus, Salix te-ft.cd.mb.t
Temperate (spring-frost tolerant) cold-deciduous malacophyll broad-leaved tree Acer, Aceraceae, Alnus, Betula, Betula alba-sinensis, Betula davurica, Betula fruticosa, Betula gmelinii, Betula middendorffii, Betula ovaliflora, Betula platyphylla, Betulaceae, Betula-type, Corylus, Fraxinus, Fraxinus mandshurica, Leguminosae, Lonicera, Maackia, Papillionaceae, Populus, Pyrus, Quercus, Quercus (deciduous), Quercus liaotungensis, Quercus mongolica, Rosaceae, Salix, Tilia, Tiliaceae, Ulmaceae, Ulmus, Xanthoceras te-fa.cd.mb.t
Temperate (spring-frost avoiding) cold-deciduous malacophyll broad-leaved tree Acalypha, Acanthopanax, Aesculus, Ailanthus, Anacardiaceae, Aralia, Araliaceae, Carpinus, Celastraceae, Celtis, Cornaceae, Cornus, Cotinus, Crataegus, Diospyros, Ebenaceae, Euphorbiaceae, Evodia, Ginkgo, Gleditsia, Hypericum, Kalopanax, Labiatae, Leguminosae, Magnolia, Magnoliaceae, Morus, Oleaceae, Papillionaceae, Phellodendron, Phellodendron amurense, Platanus, Prunus, Quercus, Quercus (deciduous), Quercus variabilis, Querus dendata, Rhamnaceae, Rhamnus, Rhus, Rosaceae, Rutaceae, Salix, Sambucus, Scrophulariaceae, Sorbus, Syringa, Toxicodendron, Ulmaceae, Ulmus, Zelkova, Verbenaceae, Vitex, Ziziphus te-fi.cd.mb.t
Temperate (spring-frost intolerant) cold-deciduous malacophyll broad-leaved tree Acer, Aceraceae, Alangium, Betulaceae, Bignoniaceae, Broussonetia, Caprifoliaceae, Carpinus, Carya, Castanea, Castaneatype, Celtis, Cladrastis, Elaeagnaceae, Euonymus, Fagus, Fagus longipetiolata, Fagus lucida, Fraxinus, Ginkgo, Hamamelidaceae, Idesia, Juglandaceae, Juglans, Juglans cathayensis, Koelreuteria, Lagerstroemia, Leguminosae, Liquidambar, Liquidambar formosana, Lonicera, Lythraceae, Melia, Melia azedarach, Meliaceae, Meliosma, Moraceae, Morus, Ostrya, Papillionaceae, Phyllanthus, Pistacia, Populus, Pterocarya, Pyrus, Quercus, Quercus (deciduous), Quercus variabilis, Querus dendata, Rosaceae, Sabiaceae, Salix, Sambucus, Syringa, Tilia, Tiliaceae, Ulmaceae, Zelkova, Zelkova sinica wt.cd.mb.t
Warm-temperate cold-deciduous malacophyll broad-leaved tree Acacia, Adina, Alangium, Albizia, Alnus, Boraginaceae, Broussonetia, Caprifoliaceae, Carya, Celtis, Cladrastis, Cornaceae, Cornus, Corylopsis, Cyclocarya, Euphorbiaceae, Euphoria, Flacourtiaceae, Hamamelidaceae, Hamamelis, Idesia, Juglandaceae, Juglans, Juglans cathayensis, Kalopanax, Koelreuteria, Lagerstroemia, Lauraceae, Leguminosae, Liquidambar, Liriodendron, Lythraceae, Magnolia, Magnoliaceae, Melia, Meliaceae, Meliosma, Microtropis, Mimosa, Mimosaceae, Moraceae, Morus, Myrica, Myricaceae, Nyssa, Phellodendron, Phyllanthus, Pistacia, Platycarya, Prunus, Pterocarya, Rhamnaceae, Rhamnus, Rhus, Rosaceae, Sambucus, Sapium, Sinojackia xylocarpa, Styrax, Thymelaeacaea, Toxicodendron, Trema, Ulmus, Urticaceae, Verbenaceae, Vitex, Wikstroemia, Zelkova, Ziziphus tr-m.dd.mb.t
Tropical mesic drought-deciduous malacophyll broad-leaved tree Acacia, Albizia, Anacardiaceae, Annonaceae, Betulaceae, Bombacaceae, Bombax, Caesalpinia, Celastraceae, Chukrasia, Combretaceae, Euphorbiaceae, Hainania, Lannea, Leguminosae, Lythraceae, Mallotus, Melastomataceae, Meliaceae, Mimosa, Mimosaceae, Oleaceae, Papillionaceae, Rubiaceae, Sapindaceae, Tiliaceae, Ulmaceae, Ulmus tr-x.dd.mb.t
Tropical xeric drought-deciduous malacophyll broad-leaved tree Acacia, Albizia, Anacardiaceae, Annonaceae, Capparidaceae, Cassia, Celastraceae, Combretaceae, Dalbergia, Dodonaea, Euphorbiaceae, Flacourtia, Flacourtiaceae, Helicteres, Icacinaceae, Lannea, Leguminosae, Lythraceae, Mallotus, Melastomataceae, Mimosaceae, Papillionaceae, Randia, Rubiaceae, Sapindaceae, Terminalia, Tiliaceae, Wendlandia, Ziziphus ml.t Micro-leaved tree Casuarina The observed modern biomes were obtained by combining information derived from field observations of vegetation, or from the digitized vegetation map of China at 1:4 million scale (Hou et al., 1982) in cases where there were no field observations. For sites from regions mapped as agricultural vegetation, the modern biome was assessed from its potential zonal vegetation type based on field observations at surrounding sites.
Results
Modern biome reconstruction
The biomes reconstructed from a set of 806 surface pollen samples spanning all biomes and regions of China (Fig. 2a) showed good agreement with observed natural vegetation types (Fig. 2b) , both geographically and in terms of the altitudinal gradients in mountain regions (Fig. 3) . A numerical comparison across all samples indicated 77.4% agreement between the modern vegetation types and reconstructed present-day biomes (Fig. 2a, b) . Our results are based on more surface pollen samples than previous work, discriminate a wider range of biomes, and show a better statistical agreement than was achieved in this earlier work.
Cold-deciduous forest (CLDE), dominated by boreal summergreen trees, occurs naturally in northeasternmost China (mainly in the Daxingan Mountains), but does not occupy large areas and generally occurs in a mosaic with cold evergreen needleleaf forest (CLEG) (ECVC, 1980) . These two biomes were reconstructed correctly in 60-80% of cases, but seven samples from CLDE were reconstructed as CLEG, probably due to the mosaic-like distribution of CLDE and CLEG in northernmost China (Table 3) . A further seven samples of CLDE were mis-assigned to cool evergreen needleleaf forest (COEG) or cool mixed forest (COMX). Two samples from temperate xerophytic shrubland were reconstructed as CLDE. Two CLEG samples were mis-assigned to prostrate dwarf-shrub tundra (PROS) and COEG, respectively. Four samples from COEG, COMX and temperate grassland were incorrectly assigned to CLEG (Table 3) .
Cool-temperate evergreen needleleaf and mixed forest (CLMX) exists south of the area of CLDE and CLEG in northeastern China, but only in very small areas. No pollen surface sample was available from this biome, and none was identified in the biomization procedure. Cool evergreen needleleaf forest (COEG) is mainly distributed in the Daxingan Mountains, moister regions on the Inner Mongolian Plateau in northeastern China, in the high mountains around the northern and eastern periphery of the Tibetan Plateau, and in the Tianshan and Altai Mountains in northwestern China (ECVC, 1980) . Eighteen surface samples from this biome were correctly identified; two COEG samples were mis-assigned to shrubland and tundra, respectively. Eleven samples from the cool mixed forest and one sample from warmtemperate evergreen broadleaf and mixed forest were confused with COEG. Eight samples from temperate grassland, four samples from temperate xerophytic shrubland and three samples from erect dwarfshrub tundra were mis-assigned to COEG (Table 3) , probably reflecting long-distance transport of tree pollen to areas near the forest border. Cool mixed forest (COMX) is distributed in the Daxingan and Changbai Mountains of northeastern China, the eastern slope of the Tibetan Plateau, and some high mountains in the central and eastern China (ECVC, 1980) . Seventy samples were correctly assigned to this biome (73%). Thirteen samples from the temperate and warm-temperate forests, temperate grassland, shrubland and tundra were also assigned to this biome. Four COMX samples were mis-assigned to temperate deciduous forest, and eight to non-forest biomes (Table 3) .
Temperate deciduous broadleaf forest (TEDE) is the potential natural vegetation in areas of eastern central and northeastern China where there is strong human disturbance and most of the potential area of TEDE is now farmland (ECVC, 1980) . Nevertheless, twentyseven surface samples were correctly assigned to TEDE. Thirteen TEDE samples were mis-assigned to non-forest, as might be expected given the prevalence of agriculture in the region and other anthropogenic impacts on the remaining forest. Two samples derived from warmtemperate mixed forest were incorrectly assigned to TEDE (Table 3) . A number of samples from ca 31°N are derived from deciduous and evergreen mixed forests in which temperate deciduous trees form the upper canopy layer (ECVC, 1980) . In this study, we do not recognize this vegetation type as a separate biome but have considered these forests to be a subset of TEDE and the samples indeed were reconstructed as TEDE (Fig. 2a) .
Warm-temperate evergreen broadleaf and mixed forest (WTEM), in which warm-temperate evergreen trees are dominant but mixed with temperate and warm-temperate deciduous trees, occurs over large areas, including southern and southwestern China (from ca. 31 to 32°N latitude to the Tropic of Cancer), the northern part of Taiwan and at moderate elevations on the eastern part of the southern slope of the Tibetan Plateau (ECVC, 1980) . This forest type, together with pure warm-temperate evergreen forest, covers about a quarter of the land area of China (ECVC, 1980) . WTEM was correctly reconstructed at 94% of the sites from this biome (133 correct identifications). A small number of WTEM high-elevation samples were assigned to other biomes (Fig. 2a) . A few samples from other biomes, notably tropical semi-evergreen broadleaf forest, were incorrectly assigned to WTEM (Table 3) . Pure warm-temperate evergreen broadleaf forest (WTEG) occurs in areas with monsoonal summer rainfall around the Tropic of Cancer in southern mainland China and southern Taiwan (ECVC, 1980) . This biome was identified correctly in eight samples. Two samples from this biome were incorrectly assigned to tropical semi-evergreen broadleaf forest (Table 3) .
Tropical semi-evergreen broadleaf forest (TRSE) occurs in disjunct areas: southernmost Taiwan, Hainan Island, along the southeastern coast of mainland China and small areas of southern Yunnan and Guangxi Provinces (ECVC, 1980) . The eight surface pollen samples in the data set from this biome were all incorrectly assigned to WTEM (Fig. 2a, Table 3 ). However, six of these samples were taken from sites where the regional TRSE vegetation has been degraded to shrublands or dry scrub . Thus, it is not surprising that we fail to reconstruct TRSE at those sites. One sample from tropical evergreen broadleaf forest however was incorrectly assigned to TRSE (Table 3) . Tropical evergreen broadleaf forest (TREG) occurs only in the southeasternmost part of the Chinese mainland, southern Taiwan and central Hainan (ECVC, 1980) . There are three surface pollen samples in the data set; two were assigned correctly. The other sample was mis-assigned to WTEM (Table 3) . Tropical deciduous broadleaf forest and woodland (TRDE) occurs in disjunct coastal areas on the tropical mainland of China, Hainan and the islands of the South China Sea (ECVC, 1980) . We have no surface pollen samples from this biome. One sample from warm-temperate evergreen broadleaf and mixed forest was incorrectly reconstructed as TRDE (Table 3) .
Temperate xerophytic shrubland (TEXE) occurs at the ecotone between cool-temperate forests and temperate grassland, and between temperate forests and desert in northern China (ECVC, 1980) . Seventyseven surface pollen samples (78%) were correctly assigned to this biome. Twenty samples from temperate grassland, desert and tundra were mis-assigned to TEXE while 12 TEXE samples were mis-assigned to these biomes (Table 3) . Temperate grassland (TEGR) occurs today in northern China and some areas of central China, and is the characteristic vegetation in the semi-arid regions between forest and desert in the east, and between tundra and desert in the west. Temperate grassland also occurs in the Tianshan Mountains and on the southern slope of the Altai Mountains in northwestern China (ECVC, 1980) . We obtained a good agreement between the observed and reconstructed biomes, with 148 samples correctly assigned (Table 3) , and a good geographic patterning (Fig. 2a) . However, there is still some confusion with other non-forest biomes; 17 TEGR samples were mis-assigned to other nonforest biomes and 14 samples from other non-forest biomes were assigned to TEGR (Table 3) . Desert (DESE) is found in the temperate areas from central northern China to northwestern and western China (ECVC, 1980) . This biome was correctly reconstructed from surface pollen at 72 sites (94%). Four tundra samples were mis-assigned to desert (Table 3) .
The most widely distributed tundra biomes in China are the graminoid and forb tundra (DRYT) and prostrate dwarf-shrub tundra (PROS), mainly in the Tibetan Plateau and a few high mountains in central and northwestern China (ECVC, 1980) . Other tundra types, the cushion-forb tundra (CUSH), erect dwarf-shrub tundra (DWAR) and low and high shrub tundra (SHRU) only occupy small areas on the Tibetan Plateau (ECVC, 1980) . The geographic patterns of tundra biomes reconstructed from pollen data (Fig. 2a) are in good agreement with the observed patterns (Fig. 2b) , and each type is generally correctly identified (Table 3) .
The reconstructed biome distribution along the altitudinal gradients in seven high regions of mountain and plateau (Fig. 3) are reasonable. The Daxingan Mountains are located in northeastern China, where grassland and shrubland occur at lower elevations and forests at higher elevations. The reconstructions show temperate xerophytic shrubland (Hou et al., 1982) with additional information on the observed modern vegetation types provided by the pollen data contributors.
and temperate grassland around 500-700 m, cool mixed forest from 600 to 800 m and cool evergreen needleleaf forest and cold-deciduous forest from 650 to 1000 m (Fig. 3a) . In the Changbai Mountains in northeastern China, the reconstructions show temperate deciduous forest associated with cool mixed forest below 1200 m, but only cool mixed forest above 1500 m (Fig. 3b) . The Tianshan Mountains in northwestern China have desert below 2000 m, temperate grassland from about 2000 to 4000 m, deciduous and evergreen needleleaf forests between 2000 and 2500 m, and graminoid and forb tundra above 3700 m (Fig. 3c) . There are no high mountains in southern China. In the moderately high mountains of Taiwan (Lopei Mountains), warmtemperate evergreen forest occurs below 700 m and warm-temperate mixed forest between 800 and 1500 m (Fig. 3d) . The Loess Plateau in central China lies in a transitional vegetation zone between forest and temperate grassland. Temperate xerophytic shrubland is mostly found at elevations from 1500 to 2700 m and temperate deciduous forest in a few low-elevation sites, around 1200 m (Fig. 3e) . Cold-deciduous forest and cool mixed forest are found above 2000 m (Fig. 3e) . The Qinghai Transect in the northern slope of the Tibetan Plateau has temperate grassland, shrubland and dry tundra (graminoid and forb) from 3000 to 5000 m with a few needleleaf and deciduous forests less than 3500 m (Fig. 3f) . The geographic patterns of reconstructed biomes on the Tibetan Plateau are more complex than in other mountain regions because of the greater climatic diversity of Tibet (Fig. 3g) . The biomes between 74 and 82°E are mostly temperate grassland and desert from 1000 m to 5000 m (Fig. 3g) . From 85 to 95°E, graminoid and forb tundra and prostrate dwarf-shrub tundra occurred at elevations from 4200 to 5500 m (Fig. 3g) . The shrubland, desert, cool mixed forest and evergreen needleleaf forest, however, occupied the eastern part of the plateau between 95 and 103°E in longitudes from 2800 to 4000 m (Fig. 3g) .
Biome reconstruction for MH
The application of the same biomization procedure to the MH data set showed coherent patterns of changes in biome distribution (Fig. 4a) . The distribution of cold forests in northeastern China was very different in the MH (Fig. 4a ) compared to today (Fig. 2) . Colddeciduous forest was not present in the region. The single CLDE in the modern vegetation was reconstructed as COMX in MH. COMX and CLMX replaced CLEG in northeastern China in the MH and only one site of CLEG was found in far northeastern China (Fig. 4a) . Two sites of CLDE and two sites of CLMX in central northern China and northwestern China occurred in the semi-arid and arid environments (Fig. 4a) , where grassland, desert or xerophytic shrubland occur in the modern vegetation (Fig. 2a, b) . The 6 ka reconstruction suggests that the cold and cool-temperate deciduous and mixed forests were shifted northward in northeastern China (ca. 3-5°in latitude) and shifted westward (ca. 2-3°in longitude) in central northern China during the MH.
Cool evergreen needleleaf forest and cool mixed forest in the MH occupied some sites where CLEG and grassland occur at present in northeastern China (Fig. 4a) . Several sites of COEG at present also have been occupied by the COMX and TEDE in the MH along the border between China and Korea (Fig. 4a) . Some, though by no means all, of the sites in central and southern China, which are cooltemperate forests today (Fig. 2a, b) , were assigned to WTEM and TEDE in the MH (Fig. 4a) . Thus the data show that cool-temperate forests were also shifted northward (1-2°in latitude) during the MH, although the latitudinal shift appears to have been less than shown by cold forests.
The northern limit of temperate deciduous forest in eastern China was ca 5°N of its modern position in the MH (Fig. 4a) . Several sites in northeastern China which lie in COMX today were reconstructed as TEDE in the MH (Fig. 4a) . The southern limit of TEDE in eastern and central China was shifted to the north in MH. A few sites in the modern grassland region (Fig. 2a, b) were assigned to TEDE in the MH (Fig. 4a) , suggesting somewhat moister conditions prevailed.
Subtropical China was characterized by warm-temperate evergreen broadleaf and mixed forest in the MH (Fig. 4a) . Two sites around 34-35°N (Lianyungang and Qingfeng), which lie in the temperate deciduous forest belt at present, were reconstructed as WTEM in the MH. This indicates a moderate northward shift (ca. 2°in latitude) of the northern limit of this biome. Several sites along the Tropic of Cancer that lie within WTEG today were reconstructed as WTEM during the MH (Fig. 4a) . This indicates that the southern limit of WTEM may have been further south than today during the MH. Table 3 Comparison between observed modern vegetation types and biomes reconstructed using the 806 surface pollen samples from China. The biome codes are given in Table 2 . There are no sites assigned to WTEG in MH. This may reflect the fact that there is a large sampling gap in central-eastern China (Fig. 4a) . The extent of tropical forests appears to have been even more restricted in the MH than today. TRSE did apparently expand north along the southeastern coast at the MH (Fig. 4a) but any inference from this should be viewed with caution, because there is only one site showing this change, and given that some tropical forest samples were misclassified as WTEM in the modern vegetation reconstruction (Fig. 2, Table 3 ).
TEXE showed no large changes in northern China, but in northeastern China TEXE replaced temperate grassland or desert. A few sites in eastern China (the Shandong Peninsula) were also reconstructed as TEXE. However, TEXE on the Tibetan Plateau in the MH occupied some sites where tundra or desert is found today (Fig. 4a) . Otherwise, the geographic patterns of temperate grassland and desert in northern China in the MH did not change much (Fig. 4a ) compared to present (Fig. 2a) , but some temperate grassland and desert locations showed forest or shrubland in MH (Fig. 4a) . On the Tibetan Plateau, however, most of the PROS and DRYT sites were occupied by temperate grassland and TEXE in the MH (Fig. 4a) . Only six tundra sites were reconstructed in the MH on the Tibetan Plateau (Fig. 4a) . Comparison of tundra distribution on the Tibetan Plateau between 6000 years ago and present indicates a reduced area in the MH.
There are insufficient samples to document changes in vegetation belts along altitudinal transects in the MH. However, reconstructions at a few sites (Qinghai Lake, Nabahai, Wasong, Luoqu, Hongyuan and RM-F) on the eastern and southeastern slope of the Tibetan Plateau suggest that cold and cool-temperate forests occurred at ca. 3200-3500 m, indicating that the treeline was ca. 300-500 m higher than today.
Biome reconstruction for LGM
The reconstruction of LGM biomes using the same biomization procedure also showed relatively coherent patterns of biome distribution in China although the number of sites is limited (Fig. 4b) . CLEG is present in northern China at the LGM with a southward shift of the southernmost margin of ca. 3°in latitude compared to today. One site of COEG was found about 33°N in latitude in eastern China, 3-4°f urther south than this vegetation occurs today. COMX occurred in southern China. TEDE was not represented at any of the sites in eastern mainland China, although it is present at a single site (31.2°N) on the exposed continental shelf. WTEM was restricted to the coastal area of mainland southern China, indicating a southward shift of the northern margin of this biome of 10°latitude compared to today. WTEG and tropical biomes were not found at any of the sites. TEXE, temperate grassland and desert occurred significantly further east than today, occupying most of the region dominated by TEDE at present. TEXE, temperate grassland and (most importantly) desert were found on the Tibetan Plateau; no tundra was identified there, but tundra was found at two sites in central China (Fig. 4b) .
Discussion
Pollen data
This study is based on pollen records from an older version of the Chinese Pollen Database (CPD), supplemented by new data assembled by the first author for this study. Data quality of both pollen records and radiocarbon dating were generally well controlled, but some problems still exist in the CPD. More pollen data have been recently published, or will be published, and new data collection is still desirable for some regions. Since the present biomization study we have further updated the data set, which now includes more than 2300 surface pollen samples and more than 350 fossil records. Vegetation changes are being reconstructed at 500-1000 year intervals from the LGM onwards, in order to evaluate space-time patterns of past vegetation and climate.
PFTs
We adopted a PFT scheme based on principles discussed by Harrison et al. (in preparation, 2009 ) thus making the classification explicit (in terms of plant characteristics) and globally consistent. Nevertheless, many of the 53 PFTs used in this biomization are broadly equivalent to the PFTs used in the earlier biomization by Yu et al. (2000) . For example the PFT called here "boreal evergreen needleleaved tree (bo.e.n.t)" is equivalent to the PFT called "bec" by Yu et al. (2000) . Similarly, the PFT called here "boreal cold-deciduous malacophyll broad-leaved tree (bo.cd.mb.t)" is equivalent to the PFT called "boreal summergreen (bs)" by Yu et al. (2000) . Some of the PFTs used by Yu et al. (2000) represent an amalgamation of two (or more) PFTs in the current scheme. For example, the PFT "warm-temperate broadleaved evergreen (wte)" used by Yu et al. (2000) represents four
PFTs: "warm-temperate evergreen sclerophyll broad-leaved tree (wt. e.sb.t)", "warm-temperate evergreen malacophyll broad-leaved tree (wt.e.mb.t)", "warm-temperate evergreen sclerophyll broad-leaved low and high shrub (wt.e.sb.lhs)", and "warm-temperate evergreen malacophyll broad-leaved low and high shrub (wt.e.mb.lhs)" in this study. Some PFTs represented in the current scheme were not used in the previous biomization by Yu et al. (2000) . Stem succulents and leaf succulents were not recognized as PFTs by Yu et al. (2000) , for example, but are characteristic of desert vegetation and are used in the current study. Other PFTs, including most of the low and high shrub, dwarf-shrub and liana/vine PFTs used in the current biomization were subsumed under tree PFTs in Yu et al. (2000) . Similarly, the climber PFTs used in this study were included in forbs by Yu et al. (2000) .
The successful reconstruction of Chinese biomes today, in MH and at LGM based on pollen data and the biomization technique suggests that the new global scheme of PFTs provides a useful basis for vegetation classification and mapping. The new PFT scheme appears to provide a more robust way of distinguishing non-forest biomes than previous schemes. Yu et al. (1998) -working with restricted list of taxa -distinguished deserts from steppe partly on the basis of defining Artemisia as characteristic of steppe and Chenopodiaceae of desert, which is somewhat artificial although it does reflect a trend in their abundance. Yu et al. (2000) used a larger set of taxa to differentiate desert and steppe by classifying the taxa as typical steppe forb/shrub (e.g. Artemisia, Ajania, Filifolium, and Iris), and as typical desert forb/ shrub (e.g. Chenopodiaceae, Alhagi, Ephedra, Nitraria, Tamarix, and Zygophyllum). In this study, the PFT classification for shrubland, grassland and desert is more explicit and quite different from Yu et al. (1998 Yu et al. ( , 2000 . We used the small-leaved trees and micro-leaved trees to separate shrubland from grassland and desert, and small-leaved shrubs, micro-leaved shrubs, xeric shrubs and succulents to separate desert from shrubland and grassland (Table 2 ). The five tundra biomes were also successfully distinguished, mainly by the erect dwarf-shrubs and prostrate dwarf-shrubs (Table 2) .
However, our results show that some issues could be usefully reexamined in future applications of the global scheme. For example, ecologists generally subdivide the evergreen broadleaf forests of subtropical China into four vegetation zones (from north to south): the warm-temperate evergreen and deciduous mixed forest, which is an ecotone between the temperate deciduous forest and the warmtemperate evergreen forest; northern evergreen and mixed forest; middle evergreen and mixed forest; and southern evergreen forest, which is a transitional type from subtropical to tropical vegetation (ECVC, 1980) . These subzones correspond to four major forest types: the warm-temperate evergreen and deciduous (temperate) broadleaf mixed forest, warm-temperate evergreen broadleaf and mixed forest, warm-temperate pure evergreen broadleaf forest, and warm-temperate sclerophyll evergreen broadleaf forest (ECVC, 1980) . We were unable to differentiate these four zones on the basis of the pollen data using the current PFT scheme. Many of the taxa (e.g. Castanopsis, Cyclobalanopsis, Lithocarpus, and Schima) as characteristic of the warm-temperate broadleaf and mixed forests have leaves that are physically intermediate between malacophyll and sclerophyll (i.e. coriaceous leaves). This intermediate category does not exist in the current PFT scheme, and as a result we allocated these taxa either to malacophyll (Schima) or to both malacophyll and sclerophyll (Castanopsis, Cyclobalanopsis, and Lithocarpus) PFTs with a consequent loss of discriminatory power. It is possible that a better discrimination of subtropical biomes could be achieved by recognizing coriaceousleaved trees (and also coriaceous-leaved shrubs) as separate PFTs.
The assignment of taxa to PFTs is in principle unique because it is based on the biological characteristics of the taxa and their bioclimatic ranges. The definition of biomes in terms of PFTs, however, is not unique. We tried initially to define biomes on the basis of all the PFTs present. Thus, forest biomes were defined using not only tree PFTs but also the shrubs, lianas/vines, forbs, graminoids and ferns PFTs that characterize the understory. The reconstructed biomes and patterns were not realistic, largely because secondary PFTs in the forest understory had too much influence in the biomization procedure. Some pollen sites in the temperate broadleaf forest biome, for example, include significant amounts of pollen from taxa (such as Compositae, Chenopodiaceae and Artemisia) which also exist in shrubland, grassland and desert biomes. If the temperate forb PFT is used to define the temperate forest biome, these forest sites would be mis-assigned to non-forest. Therefore, in the end only the dominant tree PFTs and some of the more highly characteristic elements of the secondary PFTs were used to define forest biomes (Table 2 ).
Biomes
The biome classification used is globally applicable and allows straightforward comparison of biome reconstructions among regions and continents. It could be improved, however, e.g. to allow greater discrimination within the warm-temperate forest, grassland and desert biomes.
Biome reconstructions
The maps of observed and reconstructed biomes (Fig. 2a, b) show a high level of similarity, and numerical comparisons at individual sites suggest that it is possible to reconstruct most biomes accurately (Table 3 ). Our analyses suggest that non-forest biomes are as easily distinguished from one another as forest biomes using the current methodology. Thus 79% of all forest-derived samples are correctly assigned and 76% of all non-forest samples. These results are not materially affected by the limited use of digitized samples (38 samples) in the modern data set.
Mis-allocations of samples derived from forest biomes appear to be due to a small number of readily-identifiable causes. Some regions are characterized by mosaic-like arrangements of one or more biomes, each of which occupies relatively small, disjunct areas. The distribution of CLDE and CLEG in northernmost China provides an example of this mosaic-like distribution. In such regions, it is possible that our observed biome assignment (which is derived from a relatively coarsescale mapping of Chinese vegetation) may not accurately represent the vegetation at a specific site. We do not believe that this is the explanation in the present case, however, because although some CLDE samples are incorrectly attributed to CLEG in the biomization procedure, no CLEG samples are incorrectly attributed to CLDE (Table 3 ). Rather we suggest that in areas characterized by mosaiclike mixtures of biomes, pollen transport results in some blurring of the signal at sites close to the margin of the different biomes. A similar explanation likely holds for the misattributions of tropical forest types (TREG, TRSE) to warm-temperate forests (WTEM), since the tropical forest types have disjunct distributions and are confined to relatively small areas in close proximity to the more extensive warm-temperate forests, and the forests are around some sites are degraded.
In mountain regions, there is a tendency for samples to be allocated to forest biomes which occur at lower elevations than the sample site. This phenomenon of upward transport of pollen to higher elevations in mountain regions has been noted in the previous biomization of data from China and was convincingly demonstrated as the major cause of mis-allocations of samples in Japan (Takahara et al., 2000) .
Long-distance transport of arboreal pollen into non-forested regions has been widely recognized as a cause for the mis-allocation of samples from tundra, desert and grassland regions to forest and/or woodland biomes in previous biomizations (e.g. Edwards et al., 2000; Tarasov et al., 2000; Yu et al., 2000) . Of the 65 samples from tundra, desert and grassland in the modern Chinese data set that are incorrectly assigned, 34% are attributed to shrubland or forest biomes (Table 3) as a result of long-distance pollen transport. The fact remains that this does not seem to be the biggest cause of the mis-assignment of samples from these biomes. Rather, most (66%) of the mis-assigned samples are misassigned to other non-forest biomes.
In general our analyses of the biomization of modern samples from China suggest that the current scheme is likely to yield reasonably good reconstructions of the broad-scale patterns of palaeovegetation, and particularly large-scale shifts in biomes in non-mountainous regions (Fig. 4) . This work has the advantage of making the palaeovegetation patterns clearer than previous ones (e.g. Yu et al., 1998 Yu et al., , 2000 , although the changes of vegetation in MH and at the LGM are similar to Yu et al. (2000) . Some misclassifications of modern biomes should be carefully treated when exploring the past vegetation changes. For example, the mis-assignments of tropical forests to warm-temperate forests might affect the explanation of southward expansion of warm-temperate forests in MH (Fig. 4a ) and the interpretation of past climate changes (see Section 4.5).
Implication of palaeoclimates
The forest zonation from boreal deciduous forests to tropical rain forests in eastern China parallels the north-south gradients of temperature and precipitation (ECVC, 1980) . Winter temperatures are decisive in determining the global distribution of major woody plant types (Prentice et al., 1992a) . The significant northward shifts of the cold and cool-temperate evergreen needleleaf and mixed forests, temperate deciduous forest, warm-temperate evergreen broadleaf and mixed forest in eastern China, and the disappearance of cold-deciduous forests in northeastern and central China in the MH (Fig. 4a) , imply that winters were warmer than today. The southward expansion of warmtemperate evergreen broadleaf and mixed forest into regions characterized today by tropical forests implies likely colder winter conditions. Thus, in northern China the vegetation changes imply warmer conditions while in southern China they suggest a slight cooling. The reduction in the area of tundra on the Tibetan Plateau suggests a larger accumulated temperature sum during the growing season than today.
The seasonal and spatial patterns of temperature changes implied by our reconstructions are consistent with previous vegetation-based estimates of the mid-Holocene climate (Shi et al., 1993; Yu et al., 2000) . However, some aspects of these patterns are difficult to explain. The increase in the accumulated temperature sum during the growing season, implied by the reduction in tundra area, is consistent with increased insolation during the summer half-year due to orbital changes (Berger, 1978) . Similarly, the southward expansion of warmtemperate forests is consistent with the orbitally-induced reduction in winter insolation. However, the winter warming indicated by the northward migration of temperate, cool and cold forests is opposite to what is expected from direct radiative forcing. Yu et al. (2000) suggested that this indicates that winter temperature changes were mediated by changes in atmospheric circulation. The nature and cause of such circulation changes is unresolved. Neither atmosphere-only climate models nor coupled ocean-atmosphere models (Braconnot et al., 2004) produce winter warming in central and northern eastern China. Vegetation-feedback has been shown to offset orbitally-induced changes in insolation and produce winter warming in northern Africa (Broström et al., 1998; Kutzbach et al., 2001) . Whether observed MH vegetation changes in China were sufficiently large to have a similar impact on winter climates needs to be investigated.
The longitudinal transition from forests to grassland and desert in northern China is controlled by moisture availability. The westward shifts of the forest-shrubland-grassland and grassland-desert boundaries imply increased moisture availability in the MH compared to today. However, a few sites in central-eastern China of temperate xerophytic shrubland, temperate grassland and desert occupied a small part of the temperate deciduous forest in the MH (Fig. 4a) , indicating a drier local habitat.
The expansion of the summer monsoon, implied by the westward shifts in the forest-shrubland-grassland and grassland-desert boundaries, has been inferred from several other lines of evidence. The reduction in loess accumulation rates and the increased tendency towards soil formation on the Chinese Loess Plateau during the MH , for example, has been attributed to increased monsoonal precipitation . Similarly, lake-level records from China (Yu et al., 2001a) show conditions considerably wetter than today on the Tibetan Plateau, over much of western China, as well as at the modern northern limit of the temperate deciduous forest (35-40°N) . The lake-level data are consistent with the reconstructed expansion of grassland and shrubland at the expense of dry tundra on the Tibetan Plateau. Furthermore, increased moisture in the latitude band between 35 and 40°N in eastern China may well have contributed to the observed MH expansion of the temperate deciduous forest, which is believed to be partially limited by drought today as a result of high precipitation seasonality (Zhang and Yang, 1993) . The expansion of the monsoon into western China implied by the lake-level data appears to be very much larger than the change implied by the vegetation. The reason for this difference between the two environmental indicators is unclear. The lake-level data suggest that the MH was somewhat drier than today in southeastern China. Our data provide no evidence of drier conditions in the southeast, but this probably reflects the fact that the vegetation of this region is more sensitive to changes in winter temperature than to the moderate decreases in precipitation indicated by the lakes.
In contrast to the comparatively modest changes in vegetation patterns in the MH, the reconstructed LGM vegetation patterns are radically different from today. Tropical forests were apparently absent from the mainland of southern China, or at least sufficiently restricted not to be identifiable at any of the available sampling sites. Warmtemperate evergreen and mixed forest was confined to the southernmost part of eastern China. The northern boundary of this biome appears to have been at least 6°south of its modern position (Fig. 4b) . The near-disappearance of tropical forests and the restricted distribution of the warm-temperate forests imply minimum temperatures considerably colder than today in southern China. The replacement of tropical forests by warm-temperate forests may imply a reduction of the mean temperature of the coldest month (MTCO) by as much as 10°C in southern China (see e.g. Farrera et al., 1999) . Colder conditions are also implied by the fact that northern forests, specifically cold temperate and cool-temperate forests, are registered at sites far south of their modern location. There are too few sites from northern China to be sure whether these forests occurred as continuous belts (similar to today) or whether the northern forests were not only displaced southward but reduced in extent and fragmented. The existence of generally colder conditions across China is supported by records of the increased extent of permafrost and the expansion of mountain glaciers in western China and Tibet (Wang and Jiao, 1989; Han et al., 1993; Shi et al., 1998) .
The most striking difference between the modern and LGM vegetation patterns is the apparent absence or strong restriction of temperate deciduous forests in eastern China and the significant expansion of non-forest biomes to occupy the mid-latitudes of eastern China and much of the exposed continental shelf. Temperate deciduous forest, which today occupies the zone between ca 32 and 45°N in eastern China, was reconstructed at only a single site (East China Sea Ch1 core) on the exposed continental shelf at ca 31°N. Lack of data from the zone between 25 and 30°N makes it difficult to be certain that the temperate forests were not displaced far south of their modern position, in response to the cooling shown by the displacement of other kinds of forests. However, the widespread occurrence of non-forest biomes in eastern China indicates that the colder conditions were accompanied by a greatly increased in aridity; this suggests an alternative explanation for the apparent absence of the temperate forests. Increased aridity in the mid-latitudes of central and eastern China is supported by evidence for widespread loess deposition (Liu et al., 1986; Kohfeld and Harrison, 2003) , and increased export of Asian dust to Greenland (Biscaye et al., 1997) .
Our LGM data set includes more sites than were available to Yu et al. (2000) but nevertheless the reconstructed LGM vegetation patterns (Fig. 4b) are similar to those shown by Yu et al. (2000) . The encroachment of non-forest biomes on the present area of temperate forests in eastern China is a conspicuous feature of the LGM vegetation as presented by Yu et al. (2000) and here. Although the available data are still geographically sparse (so that, for example, the existence of pockets of temperate forest in unsampled areas of eastern China remains a possibility), the overall tendency is unambiguous and differs sharply from earlier maps of the LGM vegetation of China in which temperate forests were shown occupying large unbroken areas of eastern China extending across the exposed continental shelf to the Japanese islands (see e.g. CLIMAP, 1981; Adams et al., 1990; Crowley, 1995; Adams and Faure, 1998) . These earlier reconstructions were based on extrapolation from an even more limited amount of data or, in the case of the Adams et al. (1990) and Adams and Faure (1998) reconstructions, on combining a very little pollen information with indirect inferences about the vegetation-based on non-biological proxies. It is not surprising that more extensive data compilations show different patterns. However, these differences could have serious consequences. The absence of a continuous temperate forest zone suggested by our reconstruction, for example, argues against the idea put forward by Qian and Ricklefs (2000) (on the basis of the CLIMAP (1981) vegetation map) that the species-rich character of the Asian temperate flora was a result of increased speciation through mixing of forest populations during glacial intervals . Similarly, the replacement of temperate forests by non-forest biomes in our reconstruction implies that estimates of LGM terrestrial carbon storage (e.g. Adams et al., 1990; van Campo et al., 1993; Crowley, 1995; Peng et al., 1995; Adams and Faure, 1998 ) based on earlier reconstructions need to be revised. There are only four sites from the Tibetan Plateau at the LGM. Nevertheless, three of these sites show desert conditions at the LGM (Fig. 4b) , rather than grassland or tundra which is more characteristic of the vegetation on the Plateau today (Fig. 2) . These data seem to suggest that conditions were drier than today, a view put forward by previous studies of the vegetation of the region (e.g. Kong et al., 1996) . However, geomorphic and biostratigraphic data from the Tibetan Plateau suggest that the lakes were higher at the LGM than today (Yu et al., 2001b) implying less arid conditions. The co-existence of drought-tolerant vegetation and high lake levels is theoretically possible, given a markedly seasonal precipitation and temperature regime (see e.g. Prentice et al., 1992b) . However, given the difficulties in distinguishing reliably between different kinds of non-forest vegetation using the biomization technique, and the fact that we have no modern reconstruction from two of the LGM sites and so cannot be sure how far the LGM signal reflects a real change in vegetation, it seems unnecessary to invoke a fundamental change in the climate of the Tibetan Plateau to explain our vegetation reconstructions.
